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obtainedin two wayswhenpossible:from the measuredthickness,areaandmassor from the measured
thicknessandareadensityfrom themanufacturer(whenavailable).In theturnoutcoatconsideredherethe
shell materialis Nomex® IIIA, the moisturebarrier is neoprene,andthe thermalliner is Aralite®.1 The
conductivity, specificheatandoptical propertiesof the fabricswerenot measured.Whenpossible,these
propertyvalueswereobtainedfrom the literature(referencesarecited in Table1). Whenno valuescould
befoundthosefor similar fabricswereuseduntil measuredvaluescanbeobtained.For example,thespe-
cific heatsof soft rubberandglasswool wereusedfor themoisturebarrierandthermallayer, respectively.
Table1 lists the material properties used in the simulations reported here.

1. Certaincommercialequipment,instruments,or materialsareidentifiedin thispaperin orderto adequatelyspecifythematerials
usedandtheexperimentalprocedure.Suchidentificationdoesnot imply recommendationor endorsementby theNationalInstitute
of StandardsandTechnology, nordoesit imply thatthematerialsor equipmentidentifiedarenecessarilythebestavailablefor the
purpose.
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FIGURE 4.2:   Solid/gas interface at outer surface of garment.

TABLE 1: Physical characteristics of fabric layers (at 20 ˚C).

Fabric
Characteristic Shell Moisture Barrier Thermal Liner

Thickness (cm)

specific mass (g/m2) 254 440 240

density (g/cm3)

conductivity (W/cm·C) 4.7×10-4 [1] 1.2×10-4 (soft rubber, [16]) 3.8×10-4 (glass wool, [16])

specific heat (J/g·C) 1.3 [1] 2.01 (soft rubber, [16]) 0.7 (glass wool, [16])

transmissivity (seetext) 0.044 0.005 0.0012

reflectivity (see text) 0.09 0.017 0.002

color black white yellow

0.082 0.007± 0.055 0.005± 0.35 0.04±

0.31 0.024± 0.8 0.06± 0.072 0.007±
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As mentionedabove, themodelusedthe total or spectrallyintegratedvalueof the transmissivity and
reflectivity. Thesewerecalculatedfrom their spectrallydependentvalues.For example,in thecaseof the
shell layer,

, . (5.1)

Thespectralenergy distribution from thecentralregion of a gas-firedradiantpanelapproximatesthatof a
blackbody source at 943 K[17] which was used forEb,λ in Eq. (5.1).

BamfordandBoydell [10] usethespecificmassof thefabricto determinevaluesof τλ andrλ for four
wavelengthbands(visible, 0.4 µm - 0.7 µm; 0.7 µm - 2.5 µm; 2.5 µm - 5 µm; and> 5 µm). Theseband
averagedtransmissivities canthenbeusedin Eq. (5.1). It shouldbenotedthat themethodusedby Bam-
ford andBoydell [10] to obtainτ andr is basedon a compilationof optical propertymeasurements[4].
Commonclothing fabrics(cotton,polyester, acetate,acrylic andwool) weremeasured.More specialized
fabricsusedin fire fighterprotectiveclothing,suchasNomex® werenotconsidered.Thus,theaccuracy of
theopticalpropertiesobtainedvia BamfordandBoydell shouldbeviewedwith somecaution.For exam-
ple, Fig. 6 in Quintiere[18] shows that twill cottonsandaromaticpolyamide(genericNomex®) of the
samespecificmasshave markedly differentspectralbehavior (in thewavelengthrange0.7 µm - 2.5 µm).
Evenwhenthetotal transmissivity for a givenfabric is measureddifferentvaluesarereported.For a shell
fabricwith aspecificmassof approximately140g/m2 reportedvaluesare:τ = 0.11for aromaticpolyamide
with a1000K blackbodysource[18]; τ = 0.17for Nomex with a1250K blackbodysource[5]; themethod
usedby BamfordandBoydell givesτ = 0.08with a1100K blackbodysource.Similarly, thetotal reflectiv-
ities for thecasesjustconsideredarer = 0.24[18], r = 0.26[5] andr = 0.09from BamfordandBoydell. As
with thetransmissivity, thereflectivity of Nomex® obtainedfollowing BamfordandBoydell is lower than
thosein the literature.In fact,Quintierefound that, irrespective of color or specificmass,r ≈ 0.22 for a
numberof commonlyusedcotton-basedandaromaticpolyamideshell fabrics(1000K blackbodysource
temperature).

It is clearfrom thevariationof theopticalpropertyvaluesfoundin the literaturethat theseproperties
needto be measuredfor the specificfabric to be simulated.However, pendingthesemeasurements,base
casevaluesof the spectraltransmissivity andreflectivity for eachfabric layer weredeterminedusingthe
methodof BamfordandBoydell. This wasdonebecauseno optical propertyinformationwasfound on
neopreneor Aralite® andthemethodusedby BamfordandBoydell only requiresthespecificmass.Figure
5.3 shows the normalizedspectralblackbodyemissive power andspectraltransmissivity from which the
total transmissivity wascalculated[Eq. (5.1)] for theNomex® IIIA shellfabricusedin thisstudy. Thetotal
reflectivity of theshellwascomputedin a similar manner. Themoisturebarrierwassubjectedto thegas-
fired panel’s radiative spectrumastransmittedin modifiedform throughthe shell.From the definitionof
the spectral transmissivity [16] the spectral emissive power incident on the moisture barrier is

. (5.2)
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Equation(5.2) alongwith thespectraltransmissivity of themoisturebarrierwereusedin Eq.(5.1) to com-
putethetotal transmissivity of themoisturebarrier. Thetotal reflectivity of themoisturebarrierwascom-
putedin a similar way. The basecasevaluesof the optical propertiesaregiven in Table1. Both air gaps
wereassumedto be1 mm thick. Thespecificheatof air, which is weaklydependenton temperature,was
setequalto its valueat 20 C (1.006J/g·C). Thetemperaturedependenceof theconductivity anddensityof
air were fitted by polynomials.

 6  Model Results

 6.1  Verification

It is usefulto comparetheresultsof thenumericalmethodto exactsolutionsof simplifiedproblems.The
performanceof thenumericalmethodcanthenbetestedandthegrid resolutionrequiredfor suitablyaccu-
rateresultscanbedetermined.To testthemodelfor thecaseof two materialswith differentpropertiesthe
exact solution to the following problem was used:

(6.1)

Equation(6.1) alongwith continuityconditionsof bothU andits flux at theinterfacetwo differentmateri-
als(x = xΓ) governsthechangein temperaturedueto aconstantflux H on thex = 0 boundary. Thesolution

FIGURE 5.3:   Normalized spectral blackbody emissive power versus wavelength which approximates
the emission of the gas-fired radiative panel (blackbody source temperature of 943 K). Also shown is the
assumed spectral transmissivity from Bamford and Boydell [10] for Nomex® IIIA of specific mass 254 g/
m2.
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hasbeenfoundusingLaplacetransforms([19] with correctionsin [6]). Theprescribedconstantboundary
flux H canbe viewed asthe net flux dueto radiation,conductionandconvectionat the boundary. Time
dependentradiative andconvective heatlossesat the boundary, which increasewith temperature,arenot
present. The exact solution to Eq.6.1 is

(6.2)

(6.3)

and at the material interface,x = xΓ,

(6.4)

where

,

,

.

This solutioncanbeusedto ensurethat thediscontinuityof theconductioncoefficient at thematerial
interfaceis handledproperlyby thenumericalmethod.Unlike theflux dueto conduction,theradiativeflux
in Eq. (4.4) wasdirectly modeled.Its accuracy dependson thevalidity of thephysicalmodelfor radiative
heattransferandon usingappropriateoptical properties—not on the accuracy of numericaldifferentia-
tion. Thus,eventhoughradiativeabsorptionandemissionareabsent,usingEq.(6.1) doestesttheaccuracy
of the full numerical model. (There is a minor exception to this statement which will be discussed below).
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The caseof a xΓ = 0.5 mm layer of Nomex® againsta 5 mm layer of neoprenewassimulated.The
externalflux was0.25W/cm2. This flux wasalsousedin thesimulationof anexperimentaltestapparatus
caseto bediscussedbelow. Materialpropertiesfrom Table1 wereused.Thetemperatureprofile through-
out thetwo materiallayersat t = 60s is shown in Fig. 6.1(a).Temperaturesfrom theexactsolutionatcom-
putationalgrid point locationsareshown asdots.The Nomex®/neopreneinterfacecanbe seento reside
midwaybetweentheadjacentcontrolvolumes.Temperaturesfrom theexactandnumericalsolutionsarein
excellentagreement.Thetemperaturetime historiesat threelocationsin thefabricassemblyareplottedin
Fig. 6.1(b). Theexactandnumericaltemperatureareagain in excellentagreementat theinterior point x =
1.5mm.Sincenumericalvaluesof thetemperatureexist only atcontrolvolumecentersthey arenotknown
atmaterialinterfaces.This is thesourceof thedisagreement(|Texact− Tmodel| ≤ 3 ˚C at t = 60s)betweenthe
numericalandexacttemperaturesatx = 0 mmandx = xΓ = 0.5mmin Fig. 6.1(b). Someerrorwill therefore
be introducedwhen computingthe interlayerradiative fluxes [Eq. (3.18)] and the radiative flux to the
ambientsurroundings.However, the differencebetweenthe exact andnumericalsolution is sufficiently
small that this error will be negligible. The resultsabove show that the numericalprocedureaccurately
computed heat transfer through the interface between two fabrics commonly used in turnout coats.

Nomex®/neoprene interface

(a)

(b)

front surface, x=0 mm

interface, x=xΓ=0.5 mm

x = 1.5 mm

FIGURE 6.1:   Temperature from the exact and numerical solution of the one-dimensional conduction
equation for a two material semi-infinite solid subject to a constant heat flux.
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 6.2  Turnout Coat Sim ulation

A turnoutcoatassemblywith materialcharacteristicslisted in Table1 wassubjectedto thermalradiation
from a gas-firedradiationpanelasdiscussedin Sec.2. The total radiative flux on theshell of the turnout
coatwasqe = 0.25W/cm2. This flux is charactersticof thepre-flashover fire environmentin which struc-
tural fire fighterstypically work [21]. Thermocouplesof typeK andsize10 mil (0.254mm) weresewn on
thefront surfaceof theshell(x = 0 mm),andboththeinnerair/fabricinterface(x = 3.4mm) andtheouter
fabric/air interface(x = 6.9 mm, backsurfaceof garment)of the thermalliner. The turnoutcoatmaterial
wassubjectto radiationfrom thegaspanelfor 300safterwhicha radiationshieldwasplacedbetweenthe
coatandthegas-firedpanel.A cooldown periodof approximately10min followed.Theturnoutcoatsam-
ple wasthenremovedfrom theexperimentaltestapparatus.Tensuchtests,separatedby approximately10
min, werecompleted.Fromthesetenteststhemeanandstandarddeviationof thetemperatureateachther-
mocouple were computed. The ambient mean temperature was found to beT∞ = 29.3 ˚C.

On Fig. 6.2(a) the temperaturetime history from the simulationandexperimentat the threethermo-
couplelocationsareplotted.Thetemperaturedifferencebetweenthesimulationandtheexperiment(mean
values)areplottedversustime in Fig. 6.2(b). Heattransferthroughtheturnoutcoatreachesa steadystate
afterapproximately100s. Figure6.3 shows thesimulatedandexperimentaltemperaturesversusdistance
into theturnoutcoatat threedifferenttimes,t = 0 s,200s (duringsteadystate),400s.Verticaldottedlines
mark the air/solid interfaces.Meantemperaturesfrom the thermocouples(at x = 0 mm, x = 3.4 mm, 6.9
mm) areplottedasblackcircleswith errorbarsextendingonestandarddeviation above andbelow. Simu-
latedtemperaturesareplottedassolid lines.During thesteadystateperiodthesimulatedshelltemperature
is approximately15 ˚C higherthanexperimentallyobtainedtemperatures.The largesterror in the model
occurredin thepredictionof temperatureson theoutershellsurfaceduringthefirst half of theexperiment
beforetheflux from theradiantpanelwasblocked.A probablesourceof thiserroris theapproximateman-
ner by which the transmissivity andreflectivity valueshave obtained.A majority of the incidentradiant
heatflux is absorbedby the shell.Thus,it is especiallyimportantin the caseof the shell to useaccurate
valuesfor the transmissivity andreflectivity. After the radiantpanelis blocked,thematerialpropertiesof
the fabric layers(conductivity, specificheatanddensity)play a moreimportantrole, asdoesconvective
heatlossfrom theboundaries.Notethatduringthecool down periodthesimulatedandexperimentaltem-
peraturesfor the shell arein betteragreement.The simulatedtemperaturesin the interior of the garment
were within approximately 5 ˚C of the mean experimental temperature.

Basedon theseresultsit appearsthat the modelcould be usedto predictthe thermalperformanceof
fire fighters’ protective clothing (at leastunderheatflux conditionsconsistentwith the model assump-
tions). More datafrom experimentsusingmaterialsfor which the optical and thermalpropertiesof the
materialsareknown is requiredbeforetheaccuracy of themodelcanbeconclusively measured.Measure-
mentsarecurrentlybeingmadeof materialpropertiesnecessaryfor modelingthethermalbehavior of fab-
rics and fabric assemblies commonly used in fire fighter gear.

Thenetradiative flux from thesimulationat boththefront surfaceof theshellandthebacksurfaceof
thethermalliner areplottedversustime in Fig. 6.2(c). During thetime interval t = 0 s to 300s theflux on
thefront surfacewasreducedfrom 0.25W/cm2 to 0.14W/cm2 by reflectionandradiationto thesurround-
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FIGURE 6.2: (a) Simulation time history (lines) and mean experimental temperature (filled circles) with
+/- standard deviation spread for the Nomex®/neoprene/Aralite® assembly. Results at the three
thermocouple locations (x = 0 mm, 3.4 mm, 6.9 mm) are shown. (b) Difference between temperatures
from the simulation and experiment shown in Fig. (a) versus time. (c) Net thermal radiation flux versus
time from the model, at the front (x = 0 mm) and back (x = 6.9 mm) boundaries of clothing assembly.

x = 0 mm (front surface)

x = 3.4 mm

x = 6.9 mm (back surface)

(a)

(b)Tsim - Texp, front surface

x = 3.4 mm

back surface

(b)

front surface

back surface

(c)
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ings.After radiationfrom thegas-firedpanelwasremovedat300s radiativecoolingoccurred.Notethatif
theambienttemperatureis increasedto 65 ˚C which is commonlyexperiencedby fire fighters[21] thenet
radiative flux on the shell at 300 s would increaseto 0.16W/cm2 for the sameshell temperature.On the
backsurfacetheradiativeflux graduallyincreasedto amaximumof 0.025W/cm2 asthetemperatureof the
thermalliner rose[Fig. 6.2(a)]. Thisflux wasentirelydueto thetemperatureof thethermalliner relative to
the ambienttemperature,T∞, sincethe contribution of the externalflux qe wasnegligible. If the ambient
temperatureis increasedto T∞ = 32 ˚C (normalcoreskin temperature)thebacksurfaceflux decreasesto
0.023 W/cm2 for the same thermal liner temperature.

Figures.6.2- 6.3show thattheclothingensembleclearlyprovidedprotectionagainsttheincidentradi-
ative flux. Fromtheoutsideof theshell to thebackof the thermalliner the temperaturefell nearly70 ˚C.
Theeffectsof themoisturebarrier’s lower thermalconductivity areapparentby therelatively steepdropin
temperaturein the t = 200s temperatureprofile in Fig. 6.3. Thesteadystatetemperatureat thebackof the
thermalliner reached66 ˚C. Notethatwhena fire fighterwearsa turnoutcoattheapparenttemperaturein
theair gapbetweentheturnoutcoatandthefire fighterwill risedueto anincreasedrelative humidity. For
the incidentflux andprotective clothing assemblyconsideredhereheattransferto the fire fighter would
occur predominantly through conduction rather than radiation from the thermal liner.

 7  Summar y and Conc lusions

The goal of this projectat NIST is to improve fire fighter safetythrougha betterunderstandingof heat
transferin theprotectivegarmentswornby fire fighters.Bothexperimentalandmodelingapproacheswere
used.Thispaperfocusesontheformulationof thefirst stagein aheattransfermodelsuitablefor predicting

FIGURE 6.3:   Profiles of simulated temperature (lines) through the Nomex®/neoprene/Aralite®
assembly at three different times: t = 0 s, 200 s, 400 s. The mean temperature (filled circles) and +/-
standard deviation spread from ten experimental runs are also shown at the front surface of the shell,
the internal air/thermal liner interface and at the back of the assembly.

t = 200 s

t = 400 s

t = 0 s
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temperatureandheatflux in fire fighterprotectiveclothing.For this reasonmodelresultswerecomparedto
only one experimentalcase(qe = 0.25 W/cm2, typical of pre-flashover fires) with one commonlyused
three-layerprotective clothing assembly. Model predictionsof the temperatureagreedvery well with
experimentaltemperaturefor the interior layers(within 5 ˚C). Temperaturepredictionson theoutershell
were up to 24 ˚C higher than experimentallymeasuredvalues(while the external radiative flux was
present).Error in the estimatesof transmissivity andreflectivity wasmost likely the sourceof modeling
error in the shell temperatures.No measurementsof theseoptical propertiesfor any of the fabricswere
available.Instead,thesepropertyvalueswerebasedon previouswork in the literature.NIST is currently
developingadatabaseof materialpropertiesfor fabricsandmaterialscommonlyusedin fire fighterprotec-
tive gear. Furtherapplicationandtestingof themodelusingotherfabricassembliesandheatflux environ-
ments is needed to verify the model.

Themodelwasdesigned,asmuchaspossible,to accommodatethevariablethermalenvironmentsin
whichafire fighterworks.While thiscapabilitywasnotshown here,theincidentradiativeheatflux, fabric
thickness,air gapthicknessor thepresenceor absenceof anair gapcanbevarieddynamicallyduringthe
simulation.

At this stage,the model is restrictedto dry fabricsand temperatureandflux levels which aresuffi-
ciently low thatno thermaldegradationof thefabricoccurs.Furtherdevelopmentsshouldincludemoisture
effectsanda multiple-layer, variablepropertyskin mode.Estimationsof burn injury risk would thenbe
possible.
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